The aim of this study was to compare three types of post and core systems by analyzing the stress magnitude within the root. To this end, two-dimensional photoelastic simulation models of endodontically treated maxillary central incisors were fabricated. Three different types of post and core systems were selected for this study: composite resin post and core, composite resin core in combination with a glass fiber post, and conventional cast metal post and core. The fabricated models were observed in a transmission polariscope with the same loading force (400 N) on 45° palatal direction and the fringe orders registered were thereby analyzed. Results obtained in this study suggested that abutment build-up using composite resin core in combination with a glass fiber post model produced the lowest stress concentration and is hence effective in preventing stress concentration in the case of restored endodontically treated teeth.
INTRODUCTION
Endodontically treated teeth are more brittle compared to vital teeth due to decrease in moisture supply via the dental pulp, such that the lack in moisture content weakens the dentin structure 1) . Therefore, in most cases for endodontically treated teeth, the reconstruction of the abutment includes a post as it is necessary to increase the fracture strength of the remaining dental structure. However, compared to the interface between the abutment and the final restoration, the interface between dentin and the post and core presents a high possibility of problems and pitfalls. Specifically, the loosening of the post and core caused by cement dissolution, or root fracture, poses extremely grave problems to the clinicians.
Root fractures are classified into two groups: horizontal root fractures and vertical root fractures.
In many cases, a horizontal root fracture can be repaired. On the other hand, re-treatment is sometimes difficult in the case of vertical root fracture, consequently resulting in the extraction of the affected tooth. In the reconstruction of endodontically treated teeth, metal alloys or composite resin in conjunction with different kinds of posts are commonly used as abutments. However, due to vast differences between the Young's moduli of metal alloys and dentin, excessive stress concentration occurs which then leads to vertical root fracture [2] [3] [4] [5] . For this reason, it has become increasingly popular to fabricate abutments with composite resin cores of which the Young's modulus is similar to that of dentin, thereby reducing the possibility of vertical root fracture. Other advantages that accompany the employment of composite resin cores include the ability to meet the esthetic requirements -in terms of shade and translucency -of the final restorations 6) as well as reduced release of metallic ion that can cause metal allergy 7) . The composite resin core is usually built up in conjunction with a post. There are various kinds of post materials such glass fiber, carbon fiber, stainless steel, titanium, and zirconia.
No consensus of opinion exists on which post system is most suitable for composite resin cores. On stress measurement and analysis, a wide range of methods are available, namely the strain gage method [8] [9] [10] , the loading test 2) , the finite element method 11, 12) , and the photoelastic method [13] [14] [15] . In particular, the photoelastic method was established by Sir David Brewster, a British physicist, and B. Zak 15) applied this method in dental research for the first time in 1935 to investigate stress distributions in teeth and alveolar bones. With the photoelastic method, even stress distribution within a complicated model, such as a maxillofacial-oral structure, can be analyzed. To date, many studies have investigated the stress distributions of restored teeth with post and core using the photoelastic method 16) . However, most of them have employed cast metal post and core in their investigations, whilst only a few carried out their investigations using composite resin cores with different prefabricated posts 14) . The purpose of this study was to evaluate the stress distributions of three different post and core systems (composite resin post and core, composite resin core with glass fiber post, and cast metal post and core) and determine which post and core system contributes optimally to preventing stress concentration and root fracture.
MATERIALS AND METHODS

Experimental conditions
Two-dimensional photoelastic models were prepared, which had a size 10 times the life size of a maxillary central incisor and a thickness of 6 mm 17) . Length of the post was 2/3 of the length of the root [18] [19] [20] , and the diameter of the post was 1/3 of the diameter of the root 19, 20) . For the glass fiber post model, its total length was 120 mm, whereby the upper 40 mm comprised parallel side walls at 15 mm width apart and the remaining 80 mm had a taper angle of 4 degrees. Three types of abutment build-up methods were selected for investigation in this study: composite resin post and core (CR), composite resin core in conjunction with a glass fiber post (CRF), and cast metal post and core (MC) (Fig. 1) . The modulus of elasticity of each component of the completed test models were: root dentin, 3 GPa; composite resin, 2.7 GPa; metal, 20 GPa; glass fiber post, 7 GPa. Therefore, an approximate and equivalent ratio of 15GPa:13GPa:90GPa:30GPa, which was the modular ratio of dentin, composite resin, gold-silver-palladium alloy, and glass fiber post was established. A large-field, diffused light transmission polariscope (PE-400, Rikohken Corp., Japan) was used as the experimental instrument (Fig. 2) . The transmission polariscope had a surface light source, and its optical system consisted of a light source, two polarizing plates, and a quarter-wave plate (Fig. 3) . A white light was used as the light source, and the two polarizing plates could be rotated respectively.
The ordinary ray of white light which vibrated in all directions changed into light that vibrated in only one direction upon passing through the first polarizing plate. When this polarized light passed through the model, it would be divided into two directions upon passing through a stressed location. This is because the velocity of each light depends on the stress magnitude. Where the velocities of light propagation are different in each direction, there occurs a phase shifting of the light waves at each location. Subsequently, the interference effect of the light waves was detected as a striped pattern by the second polarizing plate. The quarter-wave plate had Fig. 1 Schematic illustration of CR, CRF and MC models in this study. the function of removing the unnecessary stripes so that observations could be done easily. The effective field of view of the apparatus was 400 mm in diameter, and the minimum reading fringe was 1/100. For the purpose of enabling quantitative evaluations, the following measures were adopted. The number of stripes observed was proportional to the stress magnitude. The order of the colors in the striped pattern was fixed and assigned with a fringe order (F.O.).
Preparation of root models
A thermosetting resin board of 6 mm thickness (EP, Rikohken Corp., Japan.) was used to create the root part of the models. Each model was prepared by cutting the epoxy resin board, taking into consideration that the shape must include a space specifically for the post, to the end of simulating an endodontically treated tooth ready to receive a post. It was also taken into account that the residual stress and temperature rise induced by shaping and cutting could influence the measurement afterwards, and hence each model was set up in the transmission polariscope before the next fabrication step. No photoelastic interference fringes were observed in any location, and it was also confirmed that no residual stress was induced in any model before the test.
1.Composite resin post and core (CR)
For the simulation model of the restored tooth with only composite resin post and core (CR), an epoxy resin material was used so as to closely simulate the clinical handling of composite resin. The epoxy resin material was synthesized by mixing a base resin (JER828, Japan Epoxy Resins Co. Ltd., Japan), a hardener (diethylenetriamine; Wako Pure Chemical Industries Ltd., Japan), and a softener (Thiokol LP-3, Toray Fine Chemicals Co. Ltd., Japan) at a ratio of 100:10:1. The mixture was carefully stirred with precautions not to contaminate it or to create any air bubbles. When the temperature of the mixture rose to 35°C after a few minutes, this mixture was considered to be ready for use.
In parallel with the mixture preparation process, the completed root model was placed on a glass plate. The latter was coated with a thin layer of a release agent (Oil compound KS-61, Shin-Etsu Chemical Co. Ltd., Japan), and two EP plates of 6 mm thickness with a size of 10×80 mm were bonded to both sides of the cervical area of the root model to form a mold for casting the epoxy resin material. Another glass plate coated with a thin layer of release agent was placed on the mold, and this assembly was lightly clipped from both sides of the glass plates with vises in six places to form into one body, thereby completing the mold assembly.
The epoxy resin was poured into the upper part of the mold. After casting, the model was allowed to cure for 24 hours. The post and core were then refined and finished to the predetermined shape, thereby completing the model fabrication process. Range of the shear bond strength of the autopolymerizing epoxy resin used for the composite resin models and that of the thermosetting epoxy resin used for the root model was 10-17.3 MPa 21, 22) . On the other hand, range of the shear bond strengths of composite resin to dentin is 15-20 MPa 23) .
2.Composite resin core with glass fiber post (CRF) For the simulation model of the restored tooth with composite resin core and glass fiber post (CRF), an industrial fiber-reinforced plastic (PPS GF40, Sankyo Chemical Co. Ltd., Japan) -which contained 40％ of glass fibers (10 μm in diameter) and 60％ of polymerized epoxy resin -was used to simulate the glass fiber post. In the CRF model, the long axis of the post was in the same direction as the glass fibers of PPS GF40. For the glass fiber post model, it was cut into the predetermined shape with a cement space of 1 mm between the root and post. The root model and the glass fiber post model were then placed into their predetermined positions.
Following the same procedure applied to the CR model, the epoxy resin material -which was mixed at the same ratio as in the CR model -was poured into the upper part of the root model. After curing for 24 hours, the core was cleaned and burrs were removed to the effect of the core conforming to the predetermined shape, thereby completing the model fabrication process. In PPS GF40, the epoxy resin enclosed the glass fibers. Therefore, range of the shear bond strength of the autopolymerizing epoxy resin used for the composite resin model and that of PPS GF40 was 10-17.3 MPa 21, 22) .
3.Cast metal post and core (MC)
For the cast metal post and core model (MC), a lead plate of 6 mm thickness (LEAD, Nogata Electric Industries Co. Ltd., Japan) and corresponding to the gold-silver-palladium alloy (Au: 12％, Pd: 20％, Ag: 46％, Cu: 20％) was used. After the cast metal post and core model was cut into the predetermined shape, it was bonded to the root model using an epoxy resin material, which was prepared using the same method mentioned above. Cement space was 1 mm, and excess epoxy resin material was removed and cleaned. After curing for 24 hours, burrs were removed and the model fabrication process was completed.
Loading test
Every completed model was fixed, using the abovementioned epoxy resin, to a jig made with an acrylic resin plate of 6 mm thickness. The periodontal ligament was excluded from the simulation models, and the same fixing method as that used for the bonding between the MC model and the root model was applied. The corner of the jig on the buccal side of the root apex was cut at an angle of 45° in order to apply a load on the palatal side at an angle of 45° with respect to the tooth axis. To perform the loading test, each completed model was placed in the transmission polariscope and a static load (400 N) was applied (Fig. 4) . Figures 5 and 6 show the dark-field isochromatic fringe patterns of the models under no-load and 400 N-loading conditions respectively. All the pictures were taken under exactly the same conditions with an aperture of f/5.6 and a shutter speed of 1/30 second. Based on these pictures, stress distribution charts around the adhesive interface of the root model under loading were acquired (Fig. 7) . Stress magnitude at each part was measured as a fringe order (F.O.), and this was indicated by the distance from the adhesive interface of the root model for each part 13) . Specific locations to be analyzed were selected because of a distinctive change, thereby suggesting a mechanical structural problem and an area of high stress concentration. Among the models, stress magnitudes at the same selected locations, marked as measurement points a through d in Fig.  8 , were compared. Table 1 , the strain gage method [8] [9] [10] , the finite element method 11, 29) , and the photoelastic method 13, 14) have been used as stress analysis techniques for abutment construction. With the loading test, it is effective in measuring fracture loads and resistance through the destruction of test specimens and then observation of failure modes from the facture fragments. However, the result can be influenced by the morphological trait and condition of the extracted tooth, and that it is difficult to specify the stress concentration location exactly. With the strain gage method, it is possible to accurately measure the magnitude of the strain on the tooth or abutment surface under loading; however, it cannot directly measure the internal strain. With the finite element method, one can easily set the conditions of each component such as Young's modulus and Poisson's ratio, and that the analysis results of this method are visually perceivable. However, the finite element method is not without drawbacks. The results of finite element analysis depend on its modeling methods and the values assigned to the material properties. Furthermore, destructive strength cannot be estimated using this method as it is a non-destructive test method. As for the photoelastic method used in this study, it involves applying a given stress state to a model and utilizing the induced birefringence of the material to examine the stress distribution within the model. The magnitude and direction of stresses at any point can be determined by examining the fringe pattern. Moreover, the models were assembled as a practical matter using materials of which the mechanical properties, including Young's modulus, were correctly reproduced. As a result, minimal discrepancies exist between the experimental results and those obtained from finite element analysis. Based on the above reasons, a two-dimensional photoelastic method was thus selected as the technique to carry out stress analysis on the effect of stress distribution in the root due to differences in the restoration materials. With photoelastic analysis, simulation of the geometrical shape and mechanical properties are a mandatory requirement 13) . To the end of observing the isochromatic fringe pattern easily, a model 10 times the life size was fabricated in this study. The materials were selected such that the relative ratio of the modulus of elasticity of each component might become equal to that of the actual part. For the MC model, lead was used to simulate the cast metal post and core of gold-silver-palladium alloy according to a two-dimensional photoelastic stress analysis carried out previously 30) . For the CRF model, PPS GF40 -an industrial fiberglass material with a modulus of elasticity of 7 GPa -was used to simulate the glass fiber post. PPS GF40 was considered as the best material on two merits. It was able to simulate the relative ratio of modulus of elasticity of each component in the model, which is important in photoelastic analysis. Moreover, PPS GF40 possessed a structure similar to the glass fiber post used in dentistry in that it was manufactured by bundling thousands of pieces of glass fibers and bonding with resin, and would hence exhibit a mechanical behavior similar to that of the glass fiber post. Based on studies pertaining to metal core 9, [31] [32] [33] and the length of dowel post [18] [19] [20] , the length of the post in this study was decided to be 80 mm, which was 2/3 of the length of the root and was also equal to the height of the core. With the photoelastic method, the data obtained from each model were compared with the corresponding figure. Since the magnitude of stress is proportional to the isochromatic fringe order, comparison is possible regardless of the load magnitude. In a preliminary experiment, pictures of the isochromatic fringe patterns were taken under different loads. Eventually, the maximum load of 400 N was selected for this study on these two grounds. This load magnitude allowed observation to be done easily without damaging the models, and that overlapping stress concentration areas within the range were eliminated. Concerning the direction of the load, loading was applied in various directions in a preliminary experiment.
Analysis method
RESULTS
Measurement results revealed that there was a trend of stress concentration areas being observed at approximately the same places.
Eventually at 45° direction, comparison among the three different post and core systems could be done easily. On this ground, the load was applied on the palatal side at an angle of 45° in this study, whereby the direction and location of load application were as per that described in previous studies 2, 30) . For all the restoration methods, a high stress concentration was observed at the buccal side of the marginal area. Since no stress concentration were observed in the prepared root models before the construction, these stripes which occurred after the construction were most probably a result of the stress concentration produced by the load. On the overall, the magnitude of stress concentration decreased in this order: CR model > MC model > CRF model. At measurement point a, the magnitude of stress for the CR model was higher than that of the CRF model. Conversely at measurement point b, the magnitude of stress for the CRF model was higher than that of the CR model. This was because CRF dispersed the stress along the fiber post within the root, as compared to CR, hence accounting for a lower value at point a and a higher value at point b in the CRF model. In the CR model, it was probable that horizontal root fracture occurred since there was a high stress concentration around the cervical area. These results coincided with the report of Komada et al.
2) using a loading test as well as upon comparison with the results of studies that used the finite element method 5, 11, 28) . In the MC model, stress concentration was the lowest at measurement point d (i.e., the palatal side), but the highest at the buccal side, especially at the base of the post. When compared against the CR and CRF models, notable difference in stress distribution were observed between the MC model and these models, which could stem from the differences in their Young' s moduli. The cast metal post had a higher Young's modulus, which then caused a large stress to concentrate around the base of the post and not at the palatal side of the marginal area. Therefore, in this study, a wedge-shaped forcewhich can cause vertical root fractures -was applied to the root in the case of the MC model. The findings obtained coincided with previous reports 2, 24) where there were many significant cases of irreparable vertical root fracture occurrence due to the use of cast metal post and core, as well as with the report of Ukon et al. 5) where finite element method was used to analyze the wedge effect occasioned by a post with a high Young's modulus.
Furthermore, when repeated loading was applied, it could be presumed that the cement gradually collapsed and flowed out from the buccal side of the marginal area. The latter became distorted and that the load was supported by the space between the post and core and the root. Therefore, it would appear that as stress concentration in the apex of the post increases, the risk of vertical root fracture also increases for cast metal post and core. In the CRF model, minimum or moderate stress concentration was indicated in each part of the model as compared with the other models. In light of the results revealed in this study and from a static perspective, it was thus suggested that local stress concentration caused by distortion could be averted by integrating elasticity into the architecture of the post and the surrounding root, thereby serving as an efficacious measure to prevent root fractures. However, root fractures are generally caused by dynamic loading. Notably, the appearance of a fracture caused by a dynamic load is different from that caused by a static load. This is because the fracture caused by a dynamic load does not propagate to the area where the stress is concentrated and to the area where fracture strength is low. Therefore, a cyclic loading test is needed so as to comprehensively compare the findings thereof with those reported by Ferrari et al. 34) .
The periodontal ligament was not included in the simulation models in this study. However, it has been reported that the presence of the periodontal ligament could account for a difference in experimental results 29) . Therefore, for twodimensional photoelastic analysis in the future, the simulation model must include the periodontal ligament to investigate its influence on experimental results. Apart from the periodontal ligament, this study also did not take into consideration the effects arising from different marginal shapes and depths among the models. It should be mentioned that these factors or ferule effect 35) may influence the distribution of stress around the cervical area of the root 10) . In addition, the crown material or luting agent may also influence the distribution of stress around the cervical area 8) . In the same vein, it has been reported that the level of alveolar bone affected the magnitude of fracture strength of various kinds of posts and cores 2) . Therefore, to gain more insight on the distribution of stress within the root, more research efforts are still needed.
CONCLUSIONS
Within the limitations of the photoelastic technique employed in this study, the following results were obtained:
(1) In each model, a high stress concentration was observed particularly at the buccal side of the marginal area. (2) Upon comparing the stress concentration effects at the buccal side of the marginal area, the following order in decreasing magnitude was revealed: composite resin post and core (CR) > cast metal post and core (MC) > composite resin core with glass fiber post (CRF). (3) As compared to MC and CR models, only minimum or moderate stress concentration was observed in the CRF model, as stress was equally distributed by the latter to the root structure without local concentration. Within the scope of the present two-dimensional photoelastic analysis, the simulation results suggested that composite resin core with glass fiber post was effective in preventing stress concentration in endodontically treated teeth.
